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a b s t r a c t
Although proteins consist exclusively of L-amino acids, it is well known that D-isomers of aspartyl (Asp)
residues occur at speciﬁc sites in lens crystallins of elderly people with cataracts. The presence of
D-isomers is thought to result from the racemization of Asp residues in the crystallins during aging. It has
been reported that this racemization progresses owing to UV-B exposure; however, the underlying
mechanism remains unknown because Asp is not a photosensitive residue because there is no aromatic
group in its chemical structure. In this study, we synthesized peptides in which the residue neighboring
the Asp was the photosensitive residue tryptophan (Trp) or tyrosine (Tyr). After exposing these peptides
to UV-B, we used RP-HPLC to conﬁrm that racemization of Asp residues occurred in peptides in which a
Trp or Tyr residue was inserted near the Asp; simultaneously, several varieties of photoproducts derived
from Trp and Tyr were detected by mass spectroscopy. Promotion of the racemization of Asp residues in
peptides with a neighboring Trp was much more signiﬁcant than in those with Tyr. In particular, when
Trp was next to an Asp residue on the C-terminal side of the peptide, the racemization reaction was
accelerated.
& 2013 Elsevier Inc. All rights reserved.
The homochirality of proteins composed of L-amino acids was
originally believed to be maintained throughout the entire life
span of an organism. However, D-aspartyl (Asp) residues have been
detected in various proteins from tissues of elderly individuals,
such as lens [1–3], retina [4], conjunctiva [5], cornea [6], brain
[7–10], skin [11,12], teeth [13–15], skeleton [16,17], and aorta [18].
Because these tissues are metabolically inert, the D-Asp residues
arise from racemization of Asp residues in the protein during the
life span of the individual. The accumulation of D-Asp might
change the higher order structure of proteins and might decrease
their function. Therefore, D-Asp formation and accumulation in
human proteins are considered to be related to aging and disease
[19]. We previously reported the presence of D-isomers at Asp-58,
Asp-151 [1,3], Asp-76, and Asp-84 [3] in αA-crystallin; at Asp-36,
Asp-62 [2,3], and Asp-96 [3] in αB-crystallin; and at Asp-4 in βB2-
crystallin [20] from aged human lenses. D-Asp formation was
accompanied by isomerization of the natural α-Asp to the abnormal
β-Asp.
Racemization begins when the hydrogen atom attached to the
α-carbon atom is released. Usually, this reaction proceeds with
difﬁculty in mild conditions such as those found in the body.
However, Asp residues in proteins are susceptible to racemization
because Asp has a carboxyl group in its side chain. The mechanism
underlying the inversion and isomerization of Asp residues in
proteins is considered to proceed via a succinimide intermediate
(Scheme 1). When the lone-pair electron of the nitrogen atom of
the amino acid residue following the Asp residue attacks the
carboxyl group of the side chain of the Lα-Asp residue, L-succini-
mide is generated by intramolecular cyclization. L-Succinimide can
convert to D-succinimide via an intermediate through enol-keto
tautomerism. Then, the D-succinimide is hydrolyzed at either side
of its two carbonyl groups to form Dα- and Dβ-Asp; similarly,
L-succinimide is hydrolyzed to form Lα- and Lβ-Asp. The rate of
succinimide formation is considered to depend on the neighboring
residue of the Asp residue. When the neighboring amino acid of
the Asp residue has a small side chain, such as in alanine or serine,
the formation of succinimide can occur easily because there is no
steric hindrance [21,22]. On the other hand, D-isomers of Asp
residues preceded by bulky leucine, threonine, or histidine resi-
dues have also been detected [2,20]. These results indicate that the
formation of succinimide in proteins depends both on the neigh-
boring amino acids of the Asp residues and on the higher order
structure of the protein.
We have indicated that UV-B irradiation accelerates the race-
mization of Asp residues in proteins. UV-B irradiation induced
Dβ-Asp formation at the Asp-151 residue in αA-crystallin and
caused the opacity of lenses from 6-week-old rats [23]. Accelera-
tion of the formation of D-Asp in proteins from aged human skin
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has also been demonstrated [11]. In the mouse skin, the formation
of Dβ-Asp and advanced glycation end products, which are
produced by the oxidation of glucose and the peroxidation of
lipid, was simultaneously observed after UV-B irradiation [12]. The
proteins were identiﬁed by proteomic analysis as members of the
keratin families, including keratin-1, keratin-6B, keratin-10, and
keratin-14 [12]. These results clearly indicated that UV irradiation
accelerates the isomerization of Asp residues in proteins such as
lens and skin, which are the tissues most susceptible to UV
exposure from sunlight, and induces age-related diseases.
An Asp residue cannot absorb UV-B, however, so how it is
possible that UV-B induces the racemization and isomerization of
Asp residues in proteins? It is known that the most photosensitive
residues of proteins are aromatic amino acids such as tryptophan
(Trp) and tyrosine (Tyr) and sulfur-containing amino acids such as
cysteine (because of the formation of disulﬁde bonds) [24]. The
absorption of near UV by proteins depends mainly on Trp and Tyr
(and to a very small extent on the amount of phenylalanine and
disulﬁde bonds). In this report, the inﬂuence of neighboring
photosensitive Trp or Tyr residues on the racemization of Asp
residues in peptides in the presence of UV-B irradiation has been
investigated. Here we show for the ﬁrst time that Trp or Tyr
residues accelerate racemization of Asp in the peptide.
Materials and methods
Reagents
Fmoc-amino acids, Fmoc-Arg (Mtr)-alko resin, HOBt H2O, and
PyBOP (Watanabe Chemical Industries); thioanisole, ethyl methyl
sulﬁde, thiophenol, 2-methylindole, and triﬂuoroacetic acid (TFA)
(Wako Pure Chemical Industries); N-methylmorpholine and
1,2-ethanedithiol (Nacalai Tesque); N,N-dimethylformamide and
dimethyl ether (Sigma–Aldrich); and piperidine (Tokyo Chemical
Industry) were used for solid-phase peptide synthesis.
Acetonitrile (AcN; Sigma-Aldrich) and TFA (Wako Pure Chemi-
cal Industries) acted as the mobile phase in reverse-phase high-
performance liquid chromatography (RP-HPLC) for puriﬁcation of
synthesized peptides and purity detection.
Disodium phosphate and sodium phosphate were obtained
from Wako Pure Chemical Industries for preparation of synthe-
sized peptide solutions.
Neurotensin, α-cyano-4-hydroxycinnamic acid (CHCA; Sigma
Chemical Co.), AcN (Sigma–Aldrich), and formic acid (FA), TFA, and
acetone (Wako Pure Chemical Industries) were used for mass
spectroscopy.
Sodium hydroxide, methanol (MeOH), boric acid, o-phthalalde-
hyde (Wako Pure Chemical Industries); acetone, acetic acid, tetra-
hydrofuran (THF), AcN (Sigma–Aldrich); 6 N hydrochloric acid
(HCl; Thermo Scientiﬁc); and N-tert-butoxycarbonyl-L-cysteine
(Boc-L-Cys; Novabiochem) were utilized in the D/L ratio analysis
of Asp residues.
Solid-phase peptide synthesis
The following seven peptides (a–g) were synthesized by a
Shimadzu PSSM-8 peptide synthesizer:
(a) IQTGLDATHAER (MW 1310.67), corresponding to residues
146–157 of the human eye lens α-crystallin A chain;
(b) IQTWLDATHAER (MW 1439.72), a peptide in which Gly was
replaced with Trp at position 149 of peptide a;
(c) IQTGWDATHAER (MW 1383.66), a peptide in which Leu was
replaced with Trp at position 150 of peptide a;
(d) IQTGLDWTHAER (MW 1425.71), a peptide in which Ala was
replaced with Trp at position 152 of peptide a;
(e) IQTGLDAWHAER (MW 1395.70), a peptide in which Thr was
replaced with Trp at position 153 of peptide a;
(f) IQTGYDATHAER (MW 1360.64), a peptide in which Leu was
replaced with Tyr at position 150 of peptide a;
(g) IQTGLDYTHAER (MW 1402.69), a peptide in which Ala was
replaced with Tyr at position 152 of peptide a.
Scheme 1. A possible reaction pathway for spontaneous inversion and isomerization of Asp residues in proteins.
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After the condensation reaction, 82.5% TFA, 5% H2O, 5% thioa-
nisole, 3% ethyl methyl sulﬁde, 2.5% 1,2-ethanedithiol, and 2%
thiophenol solution was added to peptides a, f, and g for cleavage
of resin and peptide, as well as deprotection of the Fmoc group.
For peptides b, c, d, and e, the cleavage solution consisted of 82.5%
TFA, 5% H2O, 5% thioanisole, 3% ethyl methyl sulﬁde, 2.5% 1,2-
ethanedithiol, 2% thiophenol, and 1 mg/ml 2-methylindole. The
reaction time was controlled between 6 and 8 h. Dimethyl ether
was added to the solution, followed by centrifugation at 3000 rpm
for 5 min. The precipitate was then placed in a desiccator for 1 day.
Puriﬁcation of synthesized peptides
Liquid chromatography–mass spectrometry (LC–MS; Thermo
Scientiﬁc) was used to identify target peptides during the puri-
ﬁcation of the crude peptides by RP-HPLC (Tosoh). Peptide isola-
tion was performed on a Capcell Pak C-18 type ACR column
(10250 mm; Shiseido). The following mobile-phase system
was used: solution A (0.1% TFA/H2O, v/v) and solution B (0.1%
TFA/AcN, v/v) at a ﬂow rate of 3.0 ml/min. The eluent was
monitored at 230 (peptide a) and 280 nm (peptides b–g). The
analysis was conducted with a mobile-phase gradient of 15–40%
solution B over 60 min. The target puriﬁed peptide solutions were
frozen at 80 1C and vacuum dried in a freeze dryer.
Measurement of purity of puriﬁed peptides
Puriﬁed peptide solutions were analyzed by RP-HPLC (Jasco) to
measure their purity. The analyses were performed on a Capcell
Pak C-18 type UG80 column (3.0250 mm; Shiseido). The follow-
ing mobile-phase system was used: solution A (0.1% TFA/H2O, v/v)
and solution B (0.1% TFA/AcN, v/v) at a ﬂow rate of 0.5 ml/min. The
eluent was monitored at 215 nm. The purity analysis of peptides
was conducted with a mobile-phase gradient of 60 min (0–50%,
solution B). All synthesized peptides in this work were conﬁrmed
to be more than 95% pure.
UV-B irradiation of synthesized peptides
Three hundred microliters of 0.1 mg/ml peptides a–g and
50 mM phosphate buffer (pH 7.0) were placed into quartz cells
(type S10-UV-1, 11045 mm). Peptides a–e were irradiated at a
dose rate of 0.2 mW/cm2 of UV-B with a UV-B medical light source
(Philips PL-S 9W/12/2P) measured by a UVX radiometer (UVP
E27530 Model UVX-31). One-hundred-microliter aliquots of pep-
tides a–e in solution was removed after 17, 35, and 69 J/cm2 UV-B
irradiation. Peptides a, f, and g were irradiated at a 1.0 mW/cm2
dose rate of UV-B. One-hundred-microliter aliquots of peptides a,
f, and g in solution were collected after 86, 173, and 346 J/cm2
UV-B irradiation. For each peptide, three parallel experiments
were carried out on separate days. The experimental conditions
for UV-B irradiation were determined on the basis of the following
estimation: when calculating the energy emitted by UV-B that
reaches the surface of earth, the energy during one summer (May
to August in Japan) is estimated to be about 270 J/cm2. Because
lens crystallin is known to block about 30% of UV-B, the energy
absorbed by the lens over one summer is approximately 80 J/cm2.
According to this value, we selected the dose of 69 J/cm2 of
irradiation (to tryptophan-containing peptides). For peptides
within tyrosine, because the absorption of UV-B of tyrosine is
much lower than that of tryptophan, we raised the dose to
569 J/cm2.
Matrix-assisted laser desorption/ionization time-of-ﬂight mass
spectrometry (MALDI-TOF-MS) performed for photo-oxide detection
UV-B-treated 0.1 mg/ml peptides a–e (35 J/cm2 irradiated) in
50 mM phosphate buffer (pH 7.0) and 0.1 mg/ml peptides a, f, and
g (173 J/cm2 irradiated) in 50 mM phosphate buffer (pH 7.0) were
desalted using the following steps to be analyzed by MALDI-TOF-
MS (AXIMA-TOF2; Shimadzu): isometric 2.5% TFA was added to
each peptide sample, and 1 μl of diluted sample was dripped onto
the target plate after dripping of 20 mg/ml CHCA/acetone. After
3 min, the drop on the target plate was soaked up using a
KimWipe. Then 1 μl of 0.1% TFA was dripped onto the dry sample
and soaked up after 30 s. Nonirradiated peptide a–g solutions
were desalted and used as negative controls. CHCA in acetone
solution (20 mg/ml) was used as a matrix; 0.01 mg/ml neurotensin
was used as a standard for calibration.
LC–MS for analysis of photo-oxidized amino acids
UV-B-treated 1 μg/ml peptide c (35 J/cm2 irradiated) was
analyzed by LC–MS (Thermo Scientiﬁc). Untreated peptide c was
applied and used as a negative control. Peptide isolation was
performed by liquid chromatography combined with mass spec-
trometry on an L-column Micro column (0.1150 mm; CERI). The
following mobile-phase system was used: solution A (0.1% FA, 2%
AcN/H2O, v/v) and solution B (0.1% FA, 90% AcN/H2O, v/v) at a ﬂow
rate of 0.5 μl/min. The isolation of photoproducts was performed
with a mobile-phase gradient of 5–45% solution B over 0–60 min.
Acid hydrolysis of UV-B-irradiated peptides
UV-B-irradiated peptides a–g were hydrolyzed in gas-phase 6 N
HCl in vacuo at 108 1C for 7 h on a Pico Tag work station (PTS-3157;
Waters). Nonirradiated peptides were hydrolyzed and used as a
negative control. The hydrolyzed samples were redissolved in 30 μl
of Milli-Q water after HCl gas was delivered; then 15 μl of each
sample was diluted by addition of 60 μl of 0.13 M borate buffer
(pH 10.4). Boc-L-Cys/MeOH (11.1 mg/ml) and 5 mg/ml o-phthalalde-
hyde/MeOH were added to produce ﬂuorescent diastereoisomers.
RP-HPLC of diastereoisomers derived from acid hydrolysates
Acid hydrolysates were analyzed by HPLC (Shimadzu), per-
formed on a Nova-Pak ODS column (3.9300 mm; Waters) using
ﬂuorescence detection (344 nm as excitation and 433 nm as
emission wavelength) [25]. The following mobile-phase system
was used: solution A (5% AcN, 3% THF/0.1 M acetate buffer, pH 6.0)
and solution B (47% AcN, 3% THF/0.1 M acetate buffer, pH 6.0) at a
ﬂow rate of 0.8 ml/min. The diastereoisomers were eluted with
a mobile-phase gradient as follows: 0–7 min, 0–1% solution B;
7–10 min, 1–3% solution B; 10–21 min, 3–6% solution B; and
21–28 min, 6–55% solution B. L-Cys-Asp diastereoisomers were
identiﬁed by their retention times (L-Cys-L-Asp, 15.9 min; L-Cys-
D-Asp, 17.8 min). Peaks were quantiﬁed via standard curves con-
structed using authentic materials.
Results
Mass spectra of nonirradiated and 35 J/cm2-irradiated peptides a–e
With both nonirradiated and UV-B-irradiated peptide a
(IQTGLDATHAER), essentially identical spectra were obtained with
the precursor ion ([MþH]þ ¼1311m/z) and Δm/z¼þ22 ion
(1333m/z), which was considered to be an [MþNa]þ ion (Fig. 1).
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However, for peptides b (IQTWLDATHAER), c (IQTGWDATHAER), d
(IQTGLDWTHAER), and e (IQTGLDAWHAER), after UV-B irradia-
tion, not only were precursor ions detected, but also Δm/z¼þ4,
þ16, þ32, þ46, þ48, or þ64 ions were observed. In addition,
Δm/z¼þ16, þ32, and þ46 ions were detected the most fre-
quently among the above ions (Figs. 2–5). These results indicate
that after UV-B irradiation, peptides b, c, d, and e—that is, the
peptides that have a Trp residue in their sequence—were photo-
oxidized at some location(s).
Mass spectra of nonirradiated and 173 J/cm2-irradiated
peptides a, f, and g
In both the 35 J/cm2-irradiated peptide a (IQTGLDATHAER)
and the 173 J/cm2-irradiated peptide a, only the precursor ion
(1311m/z) and [MþNa]þ ion (1333m/z) were detected (Fig. 6).
However, for peptides f (IQTGYDATHAER) and g (IQTGLDYTHAER),
after UV-B irradiation, not only the precursor ions, but also the Δm/
z¼þ14, þ30, or þ32 ions were detected (Figs. 7 and 8). These results
indicate that after UV-B irradiation, in addition to peptides b–e,
peptides f and g were photo-oxidized at some location(s). However,
the amounts of oxides of peptides f and g were smaller than those of
peptides b–e when comparing the signal intensity.
Furthermore, the mass spectra of 173 J/cm2-irradiated peptides f
and g showed a great deal of smallerm/z value peaks (Figs. 7 and 8);
these peaks were more obvious than in the case of the 35 J/cm2-
irradiated peptides b–e (Figs. 2–5). For the 173 J/cm2-irradiated
peptide a, however, this phenomenon was not observed (Fig. 6).
These results indicate that after relatively high doses of irradiation
(173 J/cm2), peptides containing amino acid residues that can absorb
UV-B are easily broken into small fragments.
LC–MS/MS spectra of peptide c
UV-B-irradiated peptide c was used as an example to ascertain
the position of the Δm/z¼þ16 oxidized amino acid residue by
LC–MS/MS. Fig. 9 shows the LC–MS/MS fragment spectra of
nonirradiated peptide c with m/z 1384 (Fig. 9, top) and 35 J/cm2
UV-B-irradiated peptide c with m/z 1400 (Fig. 9, bottom). It is clear
that the b4 ion of peptide c in both traces is 400.2m/z,whereas the
b5 ion has different values, with m/z of 586.3 (top trace) and 602.3
(bottom trace). This result indicates that the b5 ion in Fig. 9,
bottom, has a mass 16 units bigger than that in Fig. 9, top. As well
as b ions, the y7 ion in both traces has the same value of 799.4m/z,
yet the y8 ion in Fig. 9, bottom (1001.4m/z), has a mass 16 units
bigger than that in the top trace (985.4m/z). These results
demonstrate that in UV-B-irradiated peptide c, it is the Trp residue
that is photo-oxidized with Δm/z¼þ16.
According to this result, the photo-oxidation in peptides b–g
was considered to occur at the Trp/Tyr residue. The photo-oxides
detected in these peptides were presumed to be the following:
in the case of Trp, the most abundant Δm/z¼þ16 and þ32 ions
were proposed to be hydroxytryptophan/oxindolyalanine (WþO)
and N-formylkynurenine/dihydroxytryptophan, respectively; the
Fig. 1. Mass spectra of peptide a (IQTGLDATHAER). (Trace a) Nonirradiated; (trace b) 35 J/cm2 irradiated.
Fig. 2. Mass spectra of peptide b (IQTWLDATHAER). (Trace a) Nonirradiated; (trace b) 35 J/ cm2 irradiated.
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other ions detected with Δm/z¼þ4, þ48, and þ64 ions were
proposed to be kynurenine (WþOC), hydroxyformylkynurenine
(Wþ3O), and dihydroxyformylkynurenine (Wþ4O), respectively; in
the case of Tyr, the Δm/z¼þ14, þ30, and þ32 ions were proposed
to be dopa-quinone (YþO2H), topa-quinone (Yþ2O2H), and
topa (Yþ2O). These proposals are also consistent with the results
reported by Grosvenor et al. [26]. However, in peptides containing
a Trp residue, a large amount of the Δm/z¼þ46 ion was detected,
but it was not clear whether this was a type (or types) of Trp
photo-oxide.
D/L ratio of Asp in nonirradiated and 17–69 J/cm2-irradiated
peptides a–e
Table 1 shows the D/L ratios of Asp in peptides irradiated at
0–69 J/cm2 and the growth rate of the D/L ratios by comparing
Fig. 3. Mass spectra of peptide c (IQTGWDATHAER). (Trace a) Nonirradiated; (trace b) 35 J/cm2 irradiated.
Fig. 4. Mass spectra of peptide d (IQTGLDWTHAER). (Trace a) Nonirradiated; (trace b) 35 J/cm2 irradiated.
Fig. 5. Mass spectra of peptide e (IQTGLDAWHAER). (Trace a) Nonirradiated; (trace b) 35 J/cm2 irradiated.
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nonirradiated peptides and peptides after 69 J/cm2 irradiation.
The growth rate was estimated by the following equation:
growth rate (%) ¼ [(69 J/cm2-irradiated D/L ratio  nonirra-
diated D/L ratio)/nonirradiated D/L ratio]100.
Fig. 10 shows the histogram of Asp D/L ratio changes in peptides
a–e in relation to UV-B doses and the results of statistical analysis.
Differences in the Asp D/L ratio between the irradiated (17, 35,
or 69 J/cm2, peptides a–e) and the nonirradiated peptides
were analyzed using Student's t test. When the P value was less
than 0.05, the difference between the two groups of data was
signiﬁcant; when the P value was less than 0.01, the difference was
greatly signiﬁcant; when the P value was more than 0.05, the
difference was not signiﬁcant.
The Asp D/L ratio of peptide a (IQTGLDATHAER), which con-
tained Asp but no aromatic residue in the peptide sequence,
did not increase after 69 J/cm2 irradiation. However, when the
Ala residue in peptide a was replaced by Trp (peptide d;
IQTGLDWTHAER), the racemization of Asp dramatically increased
in a UV-B-dose-dependent manner and the growth rate rose by
76% after 69 J/cm2 irradiation (Fig. 10a, Table 1). Comparing the
Fig. 6. Mass spectra of peptide a (IQTGLDATHAER). (Trace a) Nonirradiated; (trace b) 173 J/cm2 irradiated.
Fig. 7. Mass spectra of peptide f (IQTGYDATHAER). (Trace a) Nonirradiated; (trace b) 173 J/cm2 irradiated.
Fig. 8. Mass spectra of peptide g (IQTGLDYTHAER). (Trace a) Nonirradiated; (trace b) 173 J/cm2 irradiated.
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Asp D/L ratio growth rate between peptides c (IQTGWDATHAER)
and d (IQTGLDWTHAER), it was clear that the Asp D/L ratio of
peptide d increased faster than that of peptide c (Fig. 10b). The
increase in the Asp D/L ratio in peptide d was signiﬁcant after
irradiation with 17 J/cm2 and it depended on UV-B dose; however,
for peptide c, the increase in the Asp D/L ratio was signiﬁcant only
after irradiation with 35 J/cm2, although it still showed a UV-B
dose dependency. The growth rate of peptides c and d after
69 J/cm2 irradiation was 42 and 76%, respectively (Fig. 10b,
Table 1). This result indicates that when Trp is on the neighboring
C-terminal side of Asp, racemization is promoted more than when
it is on the neighboring N-terminal side. For peptides d and e
(IQTGLDAWHAER), which had Trp on the C-terminal side of Asp,
the Asp D/L ratio of peptide d grew signiﬁcantly faster than that of
peptide e, in which the Trp was separated from the Asp by one
residue. Comparing the statistical signiﬁcance of the data, the
increase in Asp D/L ratio for peptide ewas signiﬁcant after a dose of
35 J/cm2 and was dependent on UV-B dose; the increase in Asp D/L
ratio for peptide d was signiﬁcant after a dose of only 17 J/cm2 and
was also dependent on UV-B dose (Fig. 10c). However, there was no
signiﬁcant difference between peptides b (IQTWLDATHAER) and c
(Fig. 10d). These results suggest that when Trp is on the C-terminal
side of Asp in the peptide sequence, the distance between Trp and Asp
affects racemization—in other words, the shorter the distance is, the
faster the reaction occurs. However, when Trp is on the N-terminal
side of Asp, the effect on racemization is not obviously changed by
shortening the distance between Trp and Asp in the peptide sequence.
Notably, the racemization of Asp was increased by UV-B exposure in a
dose-dependent manner when Trp was followed by Asp in the peptide
sequence.
D/L ratio of Asp in nonirradiated and 86–346 J/cm2-irradiated
peptides f and g
Table 2 shows the D/L ratios of Asp in the peptides irradiated at
86–346 J/cm2 and the growth rate at 346 J/cm2 of UV-B. The
growth rate was estimated using the following equation:
growth rate (%) ¼ [(346 J/cm2-irradiated D/L ratio  nonirra-
diated D/L ratio)/nonirradiated D/L ratio]100.
Fig. 11 shows the histogram of Asp D/L ratio changes for
peptides a, f, and g in relation to UV-B doses and the results of
statistical analysis. Differences in the Asp D/L ratio between the
irradiated (86, 173, or 346 J/cm2 for peptides a, f, and g) and the
nonirradiated peptides were analyzed using Student's t test.
The Asp D/L ratio of peptide a (IQTGLDATHAER) was barely
increased after irradiation with a dose of 346 J/cm2. However, for
Fig. 9. LC–MS/MS fragment spectra of (top) nonirradiated peptide c with m/z 1384 and (bottom) 35 J/cm2-irradiated peptide c with m/z 1400.
Table 1
The D/L ratios of Asp residues in peptides ae.
Peptide Dose (J/cm2) Growth rate (%)
0 17 35 69
a (IQTGLDATHAER) 0.041 0.041 0.041 0.043 5
b (IQTWLDATHAER) 0.046 0.051 0.054 0.058 26
c (IQTGWDATHAER) 0.033 0.035 0.042 0.047 42
d (IQTGLDWTHAER) 0.033 0.049 0.052 0.058 76
e (IQTGLDAWHAER) 0.037 0.038 0.042 0.045 22
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peptides f (IQTGYDATHAER) and g (IQTGLDYTHAER), which had
a Tyr residue at the site neighboring the Asp, the Asp D/L ratio had
signiﬁcantly increased after a dose of 86 J/cm2, and the increase
was dependent on the UV-B dose (Table 2, Fig. 11). The growth rate
of both peptides f and g was about 70%, although the irradiation
UV-B doses (346 J/cm2) were ﬁve times larger than those used for
peptide c (69 J/cm2). This result indicates that the effect on Asp
racemization of the Tyr residue is much less than that of the Trp
residue.
In contrast to the signiﬁcant difference in growth rate observed
for peptides c (IQTGWDATHAER) and d (IQTGLDWTHAER), the Asp
D/L ratio growths for peptides f and g were almost the same
(Fig. 11). This indicates that changing the position of the Tyr
residue from N- to C-terminal of Asp has little effect on its
racemization.
Discussion
It is well known that overexposure to UV-B radiation can cause
sunburn and some forms of skin cancer. Our recent study clearly
indicated that UV-B irradiation enhances D-Asp generation in
keratin-1, -6B, -10, and -14 of epidermis. The amounts of D-Asp
in these proteins increased in a UV-B-dose-dependent manner
[12]. High intensities of UV-B light are also hazardous to the eyes,
and exposure can cause photokeratitis and may lead to cataracts,
pterygium [27,28], and pinguecula formation. In previous studies,
it was reported that D-Asp was found in both aged and UV-B-
irradiated lens proteins. However, the relationship between the
generation of D-Asp and UV-B irradiation in not well understood,
because the Asp residue cannot absorb UV-B because there is no
aromatic group in its chemical structure.
In the present study, it has been demonstrated that D-Asp can
be generated by UV-B exposure when there is a Trp or Tyr near the
Asp residue in the peptide sequence. According to this result, we
Fig. 10. Histogram of Asp D/L ratio changes for peptides a–e depends on UV-B dose. (a) Peptides a (IQTGLDATHAER) and d (IQTGLDWTHAER); (b) peptides c
(IQTGWDATHAER) and d (IQTGLDWTHAER); (c) peptides d (IQTGLDWTHAER) and e (IQTGLDAWHAER); (d) peptides b (IQTWLDATHAER) and c (IQTGWDATHAER).
Statistical signiﬁcance was analyzed using Student's t test and expressed as a P value. *Po0.05; **P o 0.01; NS, not signiﬁcant.
Table 2
The D/L ratios of Asp residues in peptides a, f, and g.
Peptide Dose (J/cm2) Growth rate (%)
0 86 173 346
a (IQTGLDATHAER) 0.040 0.041 0.042 0.046 15
f (IQTGYDATHAER) 0.027 0.031 0.038 0.046 70
g (IQTGLDYTHAER) 0.023 0.027 0.031 0.041 78
Fig. 11. Histogram of Asp D/L ratio changes for peptides a (IQTGLDATHAER), f
(IQTGYDATHAER), and g (IQTGLDYTHAER) depends on UV-B dose. Statistical
signiﬁcance was analyzed using Student's t test and expressed as a P value.
*P o 0.05; **P o 0.01.
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propose that during the process of UV-B irradiation, the energy of
the UV-B is absorbed by the aromatic amino acid (Trp or Tyr),
which might lead to simultaneous photo-oxidation of Trp/Tyr and
racemization of the nearby Asp residue.
After UV-B irradiation, peptides containing Trp/Tyr were
photo-oxidized at the Trp/Tyr position. Several kinds of photo-
products were detected by mass spectroscopy. Because the UV-B
absorption of Trp is much higher than that of Tyr, Trp could be
photo-oxidized more easily after relatively low doses of irradia-
tion. Relatively high doses of UV-B irradiation led to serious
damage to peptide sequences containing amino acid residues that
can absorb UV-B.
In peptides that had Trp near the Asp, isomerization increased
much more signiﬁcantly than in the Tyr-containing peptides. In
particular, when Trp was on the C-terminal side of the Asp residue,
the increase in racemization was clearly increased by shortening of
the distance between the Trp and the Asp residues. The reason for
this phenomenon is proposed to be a result of the possible
mechanism of isomerization of Asp (Scheme 1), in which genera-
tion of L-succinimide occurs on the –NH group of the residue on
the C-terminal side of the Lα-Asp residue in the peptide sequence.
Therefore, the reaction might be affected more signiﬁcantly when
Trp is on the C-terminal side of the Asp residue. However, the
position of Tyr hardly affects the racemization of Asp because the
absorption of UV-B by Tyr is much lower than that by Trp.
In our previous study, the D-isomer of Asp-97 (WD97AWSGS-
NAYHIER) in aged human lens βA3-crystallin was detected [3].
Racemization of Asp-97 might be promoted by Trp residues near
the Asp residue in the peptide sequence, consistent with the
results of this work. In addition, we previously indicated that
UV-B irradiation induced the opacity of lenses and accelerated
Dβ-Asp formation at the Asp-151 residue in αA-crystallin in
6-week-old rats. Although these Asp residues have no Trp residue
nearby in terms of the peptide sequence, the D/L ratio increased to
0.20 [23]. These results could be explained as a result of the higher
order structure of the proteins; in other words, the isomerization
might be promoted by Trp residues that are spatially close to the
Asp residue. αA-crystallin includes one Trp residue at Trp-9.
Laganowsky et al. [29] recently reported the X-ray structure of
bovine αA-crystallin; however, their structure of αA-crystallin was
limited to 59–163 residues. Therefore, it is unclear whether the
highly inverted Asp-151 residue is located close to the Trp-9
residue of αA-crystallin. As a result, it is not possible to discuss
the relationship between the racemization sites and the higher
order structure of the crystallin. Furthermore, lens proteins are
composed of α-, β-, and γ-crystallins, which interact with one
other. Therefore, if Asp-151 of αA-crystallin is located close to Trp
residues of other crystallins, racemization of the Asp residue might
progress. Further studies using peptides in which Trp is near Asp
in terms of structural distance will help to elucidate the increase in
racemization of Asp due to the assistance of photosensitive Trp.
Belcher et al. [30] indicated that UV irradiation causes a large
unfolding of the protein with an electron-transfer mechanism that
is capable of triggering structural changes in the protein and
causes the Trp residue to undergo chemical modiﬁcations to form
a derivative of kynurenine. Therefore, UV-B irradiation may induce
a localized unfolded structure surrounding speciﬁc Asp residues in
proteins, thereby accelerating succinimide formation, which ulti-
mately generates D-Asp residues.
The isomerization and inversion of Asp residues leads to a
change in the chemical structure around the peptide bond
between Asp and the next residue, which may further cause
instability in the protein structure. Proteins may not function well
if the higher order structure is changed. In the case of lens
crystallins, this will lead to water insolubility of crystallins
and subsequent loss of transparency of the eye lens. This might
be one of the most important contributions to the generation of
cataracts.
Conclusion
Although Asp residues cannot absorb UV-B radiation, the
inﬂuence of neighboring photosensitive Trp or Tyr residues on
the racemization of Asp residues in peptides has been demon-
strated. We have conﬁrmed that simultaneous photo-oxidation of
a Trp or Tyr residue and racemization of neighboring Asp residues
take place during exposure to UV-B radiation. In addition, the
promotion of racemization of Asp by Trp residues is much more
apparent than that by Tyr residues. In particular, when the residue
immediately C-terminal to the Asp is Trp, the UV-B radiation-
induced racemization of Asp is signiﬁcantly accelerated.
Acknowledgment
This work was supported by a grant from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan.
References
[1] Fujii, N.; Satoh, K.; Harada, K.; Ishibashi, Y. Simultaneous stereoinversion and
isomerization at speciﬁc aspartic acid residues in alpha A-crystallin from aged
human lens. J. Biochem 116:663–669; 1994.
[2] Fujii, N.; Ishibashi, Y.; Satoh, K.; Fujino, M.; Harada, K. Simultaneous racemiza-
tion and isomerization at speciﬁc aspartic acid residues in alpha B-crystallin
from the aged human lens. Biochim. Biophys. Acta 1204:157–163; 1994.
[3] Fujii, N.; Sakaue, H.; Sasaki, H.; Fujii, N. A rapid, comprehensive liquid
chromatography–mass spectrometry (LC-MS)-based survey of the Asp isomers
in crystallins from human cataract lenses. J. Biol. Chem 287:39992–40002;
2012.
[4] Kaji, Y.; Oshika, T.; Takazawa, Y.; Fukayama, M.; Takata, T.; Fujii, N. Localization
of D-beta-aspartic acid-containing proteins in human eyes. Invest. Ophthalmol.
Visual Sci. 48:3923–3927; 2007.
[5] Kaji, Y.; Oshika, T.; Okamoto, F.; Fujii, N. Immunohistochemical localisation of
D-beta-aspartic acid in pingueculae. Br. J. Ophthalmol. 93:974–976; 2009.
[6] Kaji, Y.; Oshika, T.; Takazawa, Y.; Fukayama, M.; Fujii, N. Immunohistochemical
localisation of D-beta-aspartic acid-containing proteins in climatic droplet
keratopathy. Br. J. Ophthalmol. 93:977–979; 2009.
[7] Fisher, G. H.; Garcia, N. M.; Payan, I. L.; Cadilla-Perezrios, R.; Sheremata, W. A.
H., M. E. D-Aspartic acid in puriﬁed myelin and myelin basic protein. Biochem.
Biophys. Res. Commun. 135:683–687; 1986.
[8] Man, E. H.; Fisher, G. H.; Payan, I. L.; Cadilla-Perezrios, R.; Garcia, N. M.;
Chemburkar, R.; Arends, G.; Frey 2nd W. H. D-Aspartate in human brain.
J. Neurochem. 48:510–515; 1987.
[9] Weber, D. J.; McFadden, P. N.; Caughey, B. Measurement of altered aspartyl
residues in the scrapie associated form of prion protein. Biochem. Biophys. Res.
Commun. 246:606–608; 1998.
[10] Roher, A. E.; Lowenson, J. D.; Clarke, S.; Wolkow, C.; Wang, R.; Cotter, R. J.;
Reardon, I. M.; Zurcher-Neely, H. A.; Heinrikson, R. L.; Ball, M. J.; Greenberg, B. D.
Structural alterations in the peptide backbone of beta-amyloid core protein may
account for its deposition and stability in Alzheimer's disease. J. Biol. Chem.
268:3072–3083; 1993.
[11] Fujii, N.; Tajima, S.; Tanaka, N.; Fujimoto, N.; Takata, T.; Shimo-Oka, T. The
presence of D-beta-aspartic acid-containing peptides in elastic ﬁbers of sun-
damaged skin: a potent marker for ultraviolet-induced skin aging. Biochem.
Biophys. Res. Commun. 294:1047–1051; 2002.
[12] Mori, Y.; Aki, K.; Kuge, K.; Tajima, S.; Yamanaka, N.; Kaji, Y.; Yamamoto, N.;
Nagai, R.; Yoshii, H.; Fujii, N.; Watanabe, M.; Kinouchi, T. UV B-irradiation
enhances the racemization and isomerizaiton of aspartyl residues and
production of Nepsilon-carboxymethyl lysine (CML) in keratin of skin.
J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 879:3303–3309; 2011.
[13] Masters, P. M. Stereochemically altered noncollagenous protein from human
dentin. Calcif. Tissue Int. 35:43–47; 1983.
[14] Helfman, P. M.; Bada, J. L. Aspartic acid racemization in tooth enamel from
living humans. Proc. Natl. Acad. Sci. USA 72:2891–2894; 1975.
[15] Ohtani, S.; Matsushima, Y.; Ohhira, H.; Watanabe, A. Age-related changes in
D-aspartic acid of rat teeth. Growth Dev. Aging 59:55–61; 1995.
[16] Ohtani, S.; Yamamoto, T.; Matsushima, Y.; Kobayashi, Y. Changes in the amount
of D-aspartic acid in the human femur with age. Growth Dev. Aging 62:
141–148; 1998.
[17] Ritz, S.; Turzynski, A.; Schutz, H. W.; Hollmann, A.; Rochholz, G. Identiﬁcation
of osteocalcin as a permanent aging constituent of the bone matrix: basis for
an accurate age at death determination. Forensic Sci. Int. 77:13–26; 1996.
S. Cai et al. / Free Radical Biology and Medicine 65 (2013) 1037–1046 1045
[18] Powell, J. T.; Vine, N.; Crossman, M. On the accumulation of D-aspartate in
elastin and other proteins of the ageing aorta. Atherosclerosis 97:201–208;
1992.
[19] Fujii, N. D-Amino acid in elderly tissues. Biol. Pharm. Bull. 28:1585–1589; 2005.
[20] Fujii, N.; Kawaguchi, T.; Sasaki, H.; Fujii, N. Simultaneous stereoinversion and
isomerization at the Asp-4 residue in betaB2-crystallin from the aged human
eye lenses. Biochemistry 50:8628–8635; 2011.
[21] Geiger, T.; Clarke, S. Deamidation, isomerization, and racemization at aspar-
aginyl and aspartyl residues in peptides: succinimide-linked reactions that
contribute to protein degradation. J. Biol. Chem. 262:785–794; 1987.
[22] Fujii, N.; Harada, K.; Momose, Y.; Ishii, N.; Akaboshi, M. D-Amino acid
formation induced by a chiral ﬁeld within a human lens protein during aging.
Biochem. Biophys. Res. Commun. 263:322–326; 1999.
[23] Fujii, N.; Momose, Y.; Ishibashi, Y.; Uemura, T.; Takita, M.; Takehana, M.
Speciﬁc racemization and isomerization of the aspartyl residue of alpha
A-crystallin due to UV-B irradiation. Exp. Eye Res. 65:99–104; 1997.
[24] Berlett, B. S.; Stadtman, E. R. Protein oxidation in aging, disease, and oxidative
stress. J. Biol. Chem. 272:20313–20316; 1997.
[25] Hashimoto, A.; Nishikawa, T.; Oka, T.; Takahashi, K.; Hayashi, T. Determination
of free amino acid enantiomers in rat brain and serum by high-performance
liquid chromatography after derivatization with N-tert-butyloxycarbonyl-L-
cysteine and o-phthaldialdehyde. J. Chromatogr 582:41–48; 1992.
[26] Grosvenor, A. J.; Morton, J. D.; Dyer, J. M. Proﬁling of residue-level photo-
oxidative damage in peptides. Amino Acids 39:285–296; 2010.
[27] Nolan, T. M.; DiGirolamo, N.; Sachdev, N. H.; Hampartzoumian, T.; Coroneo, M. T.;
Wakeﬁeld, D. The role of ultraviolet irradiation and heparin-binding epidermal
growth factor-like growth factor in the pathogenesis of pterygium. Am. J. Pathol.
162:567–574; 2003.
[28] Di Girolamo, N.; Coroneo, M.; Wakeﬁeld, D. Epidermal growth factor receptor
signaling is partially responsible for the increased matrix metalloproteinase-1
expression in ocular epithelial cells after UVB radiation. Am. J. Pathol
167:489–503; 2005.
[29] Laganowsky, A.; Benesch, J. L.; Landau, M.; Ding, L.; Sawaya, M. R.; Cascio, D.;
Huang, Q.; Robinson, C. V.; Horwitz, J.; Eisenberg, D. Crystal structures of
truncated alphaA and alphaB crystallins reveal structural mechanisms of
polydispersity important for eye lens function. Protein Sci. 19:1031–1043;
2010.
[30] Belcher, J.; Sansone, S.; Fernandez, N. F.; Haskins, W. E.; Brancaleon, L.
Photoinduced unfolding of beta-lactoglobulin mediated by a water-soluble
porphyrin. J. Phys. Chem. B 113:6020–6030; 2009.
S. Cai et al. / Free Radical Biology and Medicine 65 (2013) 1037–10461046
